INTRODUCTION
Infrasonic waves propagate in the atmosphere over very large distances in the waveguide formed by the atmosphere and its temperature gradients. Ducting is especially efficient in the ground to stratosphere and thermosphere waveguides. It can be reinforced or reduced by the high altitude winds [Kulichkov et al., 2004; Garcés et al., 2004] . As waves propagate in the upper atmosphere, the wavefront characteristics reveal, in addition to information about the source, significant features of the vertical structure of the winds. The interpretation of these data motivated studies on sources of infrasonic waves and their propagation in the upper atmosphere.
Infrasonic waves from naturally occurring geophysical phenomena have been observed since early in the last century. The interpretation of these data motivated studies on their propagation in the upper atmosphere [Donn and Rind, 1971; Rind, 1978] . However, results were mainly qualitative. Taking advantage of new signal processing methods and efficient array design, measurements of permanent sources of infrasound are now available and provide a basis for more accurate atmospheric investigations [Bush et al., 1989; Hedlin et al., 2002] .
As repetitive ground truth events, volcanic eruptions are very valuable for atmospheric studies [Wilson and Forbes, 1969; Liszka and Garcés, 2002; Olson et al., 2006] . Eruptions can be explosive with equivalent explosion yield varying from a small fraction of a Kiloton of TNT, for many eruptions, up to a few Megatons for rare events such as the Mount St. Helens eruption (USA, 1980) [Donn and Balachandran, 1981; Reed, 1987; Delclos et al., 1990] . Explosive eruptions quite often involve a pressure release suddenly uncorked at the top of the volcano where hot gasessection and rock fragments are ejected to form either acoustic or shock waves. Basaltic eruptions also produce sound waves during Strombolian explosions [Ripepe et al., 1996; Vergniolle and Brandeis, 1996] .
The main objective of this paper is to demonstrate the capability of measuring fine temporal wind fluctuations from the ground to the stratosphere, thanks to a continuous monitoring of active volcanoes. We first present the experimental setting in the Vanuatu region for the monitoring of one active volcano permanently generating infrasound signals. Then, by comparing observations to simulation results over several years, we estimate errors in the predicted infrasound observables. Finally, we discuss the validity of upper-winds models for the purpose of operational infrasound monitoring.
LISTENING TO YASUR IN NEAR AND FAR FIELD
The Vanuatu archipelago, located in the South Pacific between New-Caledonia and Fiji, is composed by more than 80 islands. Although the large majority of volcanoes in that tectonic context produce an explosive activity with silicic magmas, magmas emitted around Vanuatu are largely basaltic [Robin and Monzier, 1994; Lardy et al., 1999] .
The I22FR infrasound array installed in NewCaledonia (22.19°S; 166.84°E ) is part of the global infrasonic network of the International Monitoring System (IMS). This station, composed of four MB2000 microbarometers, 1 to 2.5 km apart, continuously detects coherent infrasonic waves originating from three active volcanoes (Figure 1 ) . The nearest one, Yasur (19.52S, 169.42E, 360 meters high) , is producing a series of explosions, whose intensity varies between Strombolian and mildVulcanian [McClelland et al., 1989] . These are triggered by the sudden decompression of the inner magmatic gas, which expels magma fragments at the vent with large velocities. Its regular activity (several hundred explosions per day are generally measured) combined with its accessibility make it one of the most studied volcano (geological, seismic and thermal surveys). The wave front characteristics of the infrasonic waves are calculated with the Progressive Multi-Channel Correlation method (PMCC) [Cansi, 1995] . With a sampling rate of 20 Hz, the expected numerical resolution at 1 Hz 3 is of the order of 0.5° for the azimuth and 5 m/s for the horizontal trace velocity. Due to the low particle density and non-linear dissipation in the upper atmosphere, thermospheric returns are strongly attenuated at a range of hundreds of kilometers with absorption increasing with frequency. Considering the relative high frequency content of the signals from Yasur (Figure 2 ), thermospheric arrivals are unlikely because of severe absorption in the upper atmosphere [Bass and Sutherland, 2004] . Most of the acoustic energy from Yasur propagates here in the stratospheric duct.
In order to get accurate estimates of the acoustic source function, one MB2000-type microbarometer has been installed on the crater of Yasur. Data are digitized with a sampling rate of 75 Hz. Signals from explosions are detected automatically using a wavelet transform based method [Mallat, 1989] . The main advantage of this method is its low computation time compared to the more classical STA/LTA algorithm [Withers et al., 1998 ].
Such a setting provides an unique opportunity to investigate the effects of seasonal and shorttime scale atmospheric changes on the propagation, as well as to validate stratospheric wind models. For these purposes, a systematic correlation based procedure between acoustic measurements in near field (few hundreds of meters from the main vents) and at I22FR (399 km from Yasur, back-azimuth of 42.7°) has been developed.
The process starts with the PMCC automatic bulletins at I22FR which provide the list of all coherent signals originating from Yasur. Time segments of five minutes, centered on the detected signals, are associated to the near field recordings after applying a time delay consistent with a stratospheric propagation. In order to improve the signal to noise ratio, signals originating from the four array-elements are phase-aligned in the direction of the volcano and band-pass filtered between 1 and 4 Hz. Figure 2 compares typical waveforms recorded from Yasur in the near and far field. Distinct arrivals are observed. They are associated to the regular breaking of overpressurized bubbles as large as the volcanic conduit [Vergniolle and Brandeis, 1996; Hagerty et al., 2000] . Travel times of the infrasonic waves are then calculated using the cross correlation technique. Through this procedure, the volcanic activity (number and intensity of the explosions) and celerity of the waves (propagation range divided by travel time) are monitored throughout several years.
VALIDATING ATMOSPHERIC MODELS Propagation Modeling
The long range propagation is simulated using the Windy Atmospheric Sonic Propagation ray theory-based method (WASP-3D) which accounts for the spatio-temporal variations of the horizontal wind terms along the ray paths in spherical coordinates [Virieux et al., 2004; Dessa et al., 2005] . Assuming limited pressure perturbations, the acoustic propagation is governed by the linearized equations for a compressible fluid. This implies that the signal wavelengths are smaller than those of atmospheric property variations. Considering the wavelength of the signals studied (100-300 m) and the vertical resolution of the atmospheric specifications used, the high frequency asymptotic approximation is nearly fulfilled. The Naval Research Laboratory Ground to Space (NRL-G2S) model was run to provide a self-consistent climatological database in the Vanuatu region . The database of G2S coefficients covers the time period May 2003 to May 2006, at 6-hours intervals, with a truncated spectral resolution of 2.0°.
Following a shooting procedure, simulations were carried out for values of ray parameters derived from the measured horizontal trace velocities. Forty rays are launched with slowness values ranging from 2.6 to 3.0 s/km. Rays trajectory are computed each day from May 2003 to May 2006 at 0, 6, 12 and 18h UT. Only rays with bounces contained within a circle of radius 50 km around I22FR are selected. The azimuthal deviations, travel times and horizontal trace velocities (derived from the selected rays) are finally calculated by applying a weighted mean (weight linearly related to the distance between ray bounce and receiver).
Simulating observations at I22FR
Figures 3 and 4 present the observed azimuth deviation and horizontal trace velocity of the infrasonic waves generated by the Yasur volcano as detected at I22FR. Measurements are compared to ray tracing results from May 2003 to May 2006 along with the temporal variation of the NRL-G2S effective sound speed (wind-corrected sound speed along the propagation path). During the austral summer, the prevailing westward winds allow the formation of a stratospheric waveguide below ~40 km height. From November to March, with downwind propagation, the propagating rays reach the station after two or three bounces.
Due to the seasonal variations in the strength of the transverse wind component, the apparent arrival direction of these waves does not correspond to the original launch direction. The component of the dominant zonal wind blowing perpendicularly to the ray direction significantly affects the deflection of the ray. The large observed variations in the bearing of the detected signals are mainly driven by the reversibility of the zonal stratospheric wind with season. From summer to winter, the amplitude of the observed azimuthal deviation approaches 5° (Figure 3) . From November to January, the azimuth decreases from 43° to 39° when the zonal winds are the strongest, before rising up to the true bearing (42.7°) in March when stratospheric winds reverse. Comparison between the observed and the predicted azimuths shows a similar seasonal trend. Furthermore, the simulation results are in very good agreement with the observations even down to a time scale of a few days. The errors are generally lower than 0.5° (less than 0.2%) for more than 90% of the time.
The fluctuations of the trace velocity also present seasonal trends. In November, the wind speed in the stratosphere is not strong enough to favour stratospheric returns, thus most the rays propagate through the thermosphere where they are absorbed due to strong dissipation [Bass and Sutherland, 2004] . Only rays with shallow incidence angle (e.g. trace velocity close to the sound speed at the ground level) return back to the ground after being refracted in the stratosphere. With the reinforcement of the wind, according to the ray theory, the steepest rays are ducted in the stratospheric channel until the horizontal trace velocity becomes greater than the effective sound speed at the turning height. As a result, from November to January, as the azimuth decreases by ~4°, an increase of ~15 m/s of the trace velocity is noted. As for the azimuth deviation, the seasonal fluctuations of the trace velocity are well predicted by the NRL-G2S specifications, the largest biases remaining in the order of 5 m/s. Figure 5 compares the predicted celerity to the measured one from July 2004 to July 2005 following the procedure described in Sec. 2. As opposed to the deviations of the azimuth and trace velocity, there is no clear seasonal variation of the celerity. The celerity ranges from 280 to 290 m/s, which are typical values characterizing the propagation of stratospheric waves . Deviations of 5-10 m/s are observed down to a time scale of few weeks. They are associated to modulations of the general circulation in the stratosphere. In our region of interest, zonal wind reversals often result from significant quasistationary subtropical disturbances that formed in connection with large stationary ridges in the polar winter stratospheric wind jet . Again, simulations and observations are in very good agreement with maximum errors lower than 5 m/s.
CONCLUDING REMARKS
Recent case studies dealing with infrasound propagation from ground-truth events demonstrated the accuracy of the semi-empirical NRL-G2S atmospheric model from the ground up to 55 km in altitude [Olson et al., 2006; Ceranna and Le Pichon, 2006] . For the first time to our knowledge, the NRL-G2S semi-empirical model has been validated in the Vanuatu region up to the stratosphere, through a multi-year monitoring of infrasound from one volcano. In that study, the Yasur volcano in the Vanuatu region has been selected for its regular activity. From May 2003 to May 2006, ~90 000 transient signals associated to the breaking of over-pressurized bubbles at the top of the volcanic conduit have been detected by the I22FR station and automatically associated with nearby measurements. Our simulation results provide a very good description of the general seasonal changes as well as short-time scale fluctuations of the measurements. The infrasound observables are well predicted with errors lower than 0.5° for the azimuth deviation, and 5 m/s for the trace velocity and the celerity. For large propagation range, most of the energy propagates in the stratospheric duct due very weak attenuation. Thus, the use of appropriate propagation tools along with the NRL-G2S specifications would provide accurate enough results for most of the observations.
Complementary studies focusing on thermospheric propagation indicated that errors as large as 5° in the azimuth deviation can be observed using the same propagation tools and atmospheric model [Le Pichon et al., 2005] . Considering our current knowledge of the dynamic of the atmospheric essentially correct below 55 km, an inversion procedure has been proposed in order to delineate the vertical structure of the wind profile in the mesosphere and lower thermosphere. The inversion of the infrasound measurements showed that the empirical HWM-93 atmospheric model used underestimates the strength of the mesospheric wind jet by at least 20 m/s. These results are in agreement with direct high-altitude observations which indicate that HWM-93 are locally deficient in the 60-130 km region .
More studies like the one presented here will better determine the role of different factors that influence propagation predictions and could estimate more precisely how large the errors in the upper wind models are. Continuing investigation into infrasonic signals from active volcanoes will certainly improve our understanding of the atmosphere and help to advance the development of automated source location procedures for operational infrasound monitoring.
Withers, M., Aster R., Young C., Beiriger J., Harris M., Moore S., Trujillo J. (1998) 
I53US Bolide Event of September 11, 2006 at Bethel, Alaska Introduction
A highly coherent infrasonic signal from a bolide that was seen from the village of Bethel 840 kilometers south west of Fairbanks, Alaska was recorded at the I53US infrasonic array at 13:27:23 UT on September 11, 2006. The bolide was observed at Bethel as a "white fireball" leaving a luminous golden trail behind as it traveled from west to east. An audible "hissing sound" was heard from the bolide as it traveled past Bethel. About 17 kilometers farther to the east of Bethel an explosive sound was heard at Kwethluk that awakened the village when the bolide fragmented. The bolide event was observed aloft by DOE satellite sensors at 12:41:21 UT at a location of 60.4˚ N, 161.2˚ W (LANL Doug ReVelle). The great circle distance and azimuth to the bolide event from I53US are 840 km and 240 deg. respectively. The bolide infrasonic signal characteristics of: arrival time, wavetrain length and characteristics, spectral content, pressure amplitude, degree of coherence over the 8 sensor array, Sigma-Tau (the degree of planarity of the wave front), estimates of horizontal trace-velocity, and back azimuth of arrival are all described in detail below.
Preliminary propagation modeling was preformed with a range independent ray-tracing method. Range averaged sound and wind velocity profiles along the great-circle path from the surface to 200 km altitude, generated by the G2S model of Drob et al., (2002) , were utilized. Based on a study by Edwards et al., (2006) , wherein it was found that most bolide acoustic sources fall between 20 to 30 km altitudes, an initial source altitude of 25 km was assumed. The resulting set of calculated propagation parameters of time of arrival, celerity, and angle of ray path arrival are compared with those from the observed signal at I53US to determine the propagation mode for a possible bolide signal. Secondary modeling calculations were then preformed with the range dependent RAM-PE/2DC codes (Lingevitch et. al., 2002 , Arrowsmith et al., 2007 .
Bolide Infrasonic Signal Detection and Characteristics
The observation of a bolide that was seen and heard at Bethel, Alaska was announced by Alaska Public Radio Network the evening of September 11, 2006. A coherent infrasonic signal was found in the I53US infrasonic records from the direction of Bethel. The signal arrived at the microphone array at the approximate time for atmospheric propagation from Bethel 840 km away. The observed travel time for the bolide signal to the I53US array was 2762 seconds giving celerity of 0.304 km/sec. The bolide signal is shown in Figure  1 below from the 'Datascan' detection program (Olson and Szuberla, 2004) . The pressure data was digitized at 20 samples per second and bandpass filtered from [0.30 to 10 Hz]. The arrival time at the center of the 8 microphone I53US array was 13:27:23 UT on September 11, 2006. The signal wavetrain duration was about 3 minutes 10 seconds. The spectral power distribution from the bolide signal wavetrain is given in the FFT diagram of Figure 2 . The maximum peak-to-peak signal pressure was 0.225 Pascal at a period 2.1 seconds. Most of the bolide signal energy was in the frequency range from 0.4 to 2.0 Hz. The bolide signal was detected using an algorithm that first determines Tau a vector of time delays for all 28 pairs of sensor-separations in the 8 sensor array for which the cross correlation of the pressure data waveform is a maximum. Next a least-squares estimation process is used to obtain the azimuth and trace-velocity for the best fit of a plane wave to Tau. The time vector that was obtained from the data itself. The algorithm operates using a sliding window on the data set to obtain values of Vt, Az, C, and Sigma-Tau for each window. The results of this detection analysis for the I53US data for hour 13 on Sept. 11, 2006 are shown in Figure 3 below. The sliding window used was 120 seconds long with a 10 second overlap throughout the data set to give 350 successive values of trace-velocity, azimuth, MCCM, and Sigma-Tau for hour 13. The clear detection of the bolide signal can be seen in Figure  3 at the time index 140 to 180 in all four parameters, with nearly constant trace-velocity at 0.340 km/sec and azimuth at 238 degrees. The very small value of Sigma-Tau of 0.022 seconds indicates that the bolide signal was a plane wave at the 840 km distance of the array from the source. The mean value of MCCM, (the mean of the cross-correlation maxima for all 28 sensor pairs), for the bolide signal was 0.882 attesting to the high coherence of the signal over the 8 sensor array.
There are two separate wave packets in the coherence and Sigma-Tau. These results are shown in Figure 4 (next page) as plots of the best beam waveform for each wave packet together with their respective values of the four signal parameters. The slight differences, from the first to the second part of the wavetrain, in tracevelocities (0.340 and 0.341, +/-0.003 km/sec) and in back azimuths (237.8 and 236.4 +/-1.4 deg.) are less than the calculated estimate uncertainties for the geometry of the I53US pentagon-triangle 8 sensor array. There were no high trace-velocity wave components observed in the coda of the bolide signal wavetrain. This would indicate that there were no mesospheric or thermospheric ray paths involved in the observed signal. The spectral content was also similar for the two successive wave packets, each having a maximum power at 0.476 Hz. As we shall show, the occurrence of two different wave packets results form propagation along multiple stratospheric paths. 
Ray-Trace Modeling of the Signal Propagation
In order to establish that the signal received at I53US on September 11, 2006 was indeed from the bolide seen at Bethel, a preliminary rangeindependent ray-trace calculation was preformed. This calculation establishes a probable time of arrival for the postulated bolide signal. To simplify this calculation range independent sound and wind velocity profiles are used. For this, the atmospheric profiles from the G2S model, consisting of values at 801 successive altitude levels and 757 successive distances in the vertical plane along the great-circle path were averaged. The plots of the resulting environmental profiles are shown in Figure 5 below. For the ray-tracing program it was assumed that infrasound was radiated spherically from a point source at 25 km altitude above the surface at 60.4˚ N, 161.2º W. The ray-tracing results are shown in Figure 6 below as a fan of ray-paths from a height of 25 km that were launched at zenith angles from 40 to 125 degrees for every 5 degrees. Upward launched rays, as shown in blue from angles 40 to 60 degrees, are refracted down to the surface from the mesosphere and lower thermosphere. Rays launches at angles from 65 to 115 degrees, as shown in green, are ducted within the stratospheric sound channel. Rays launched downward from 120 to 125 degrees, as shown in red, after reflection from the surface were refracted in the mesosphere back to the surface. The horizontal scale in Figure 6 starts at zero at the bolide and runs to 840 km to the location of I53US.
The numerical output of the ray-tracing calculations gives the elapsed travel time and the angle that the ray makes with the horizontal at the end of its ray path at a distance of 840 km. To estimate the approximate arrival time of the bolide signal by propagation in the stratospheric sound channel the mean of the elapsed travel times for all the stratospheric ray paths was determined to be 2914 seconds for the horizontal distance of 840 km. The celerity for the stratospheric duct signal was thus 0.288 km/sec. The observed celerity for the bolide signal at I53US was 0.304 km/sec. However, the elapsed travel time calculated for the mesospheric ray path return was 3215 seconds. Such a long travel time would place the mesospheric arrival signal 5 minutes after the end of the observed I53US bolide signal wavetrain. From the preliminary ray-tracing calculation for a bolide infrasound source at an altitude of 25 km at this location and time it can be shown that about 30% of the acoustic energy of a point source explosion would be ducted along the stratospheric sound channel. Furthermore, the calculations indicate that the observed signal at I53US was indeed from the bolide over Bethel propagating in the stratospheric sound channel. To supplement these conclusions a comprehensive range dependent calculation for the I53US bolide signal was then preformed with the NRL RAM-PE/2DC codes. These codes utilize the entire 0.25 km x 0.01 degree resolution matrix of the G2S environmental data described above. The RAM-PE full wave calculation result for a 0.5 Hz signal is shown in Figure 7 below. The color bar defines the acoustic wave energy loss in dB. The ducting of most of the bolide acoustic energy into the stratospheric sound channel can be seen. Three families of eigenrays calculated by the RAM-2DC ray code (red, white, and blue traces) are superimposed on the PE results. A source altitude of 39.5 km was assumed in these calculations. This altitude was determined by examining a series of RAM-2DC calculations with source altitudes ranging from 25 to 45 km and selecting the one that best matches the observations. This altitude is close to the observed source altitude for the June 3, 2004 Washington State Bolide of 39.8 km, which was estimated from a large number of seismic observations (Arrowsmith et al., 2007) .
The RAM-2DC eigenrays are estimated by integrating 3200 rays at 0.05 degree increments over launch elevations of +/-70 degrees with a 0.075 sec time step and a forth order Runga-Kutta method. A generous target-size of +/-5 km in range and 0 to 5 km in altitude was chosen as the eigenray selection criterion. During integration of the ray equations the ambient values for c (x,z), dc(x,z)/dz, dc(x,z)/dx, u(x,z) , du(x,z)/dx etc.., are approximated by interpolation of the background and pre-calculated finite difference fields. Linear interpolation is used in the vertical direction and nearest neighbor approximation in the horizontal direction. All rays propagating into a region of greater than 100 db loss at 1 Hz as indicated by the RAM-PE calculation are automatically terminated. The parameters for the best and bounding rays for each of the three eigenray families are shown in angle to the surface, celerity, horizontal group velocity, turning point, and physical units are given. Note that all of the thermospheric rays were eliminated by the attenuation criteria. Furthermore as mentioned above, when neglecting attenuation any thermospheric rays arrive much too late to match the observations. From Figure 7 and Table 1 it can be seen that the first group of rays (red lines) radiating upward from the source at an elevation of 15.45 to 15.75 degrees arrive at the detector first. These rays undergo three reflections at the top of the duct and two at the bottom of the duct. The fastest arrival time within the group is 13:27:57, with a celerity of 299.4 m/s (as compared to the observed 304 m/s). There is a travel time error to the midpoint of the first observed waveform of about 20 seconds (13:27:15 to 13:28:15 -observed, 13:27:57 to 13:28:05 -predicted). The second eigenray group (white lines) also leaves in the upward direction with slightly lower elevation angles (6.35 to 9.35 degrees). These rays undergo four reflections at the top of the duct and three lower reflections before reaching I53US approximately 108 seconds later. The third group (blue rays) leaves downward from the source at elevations from -9.7 to 12.15 degrees, turns near the surface and then undergoes three upper reflections and two more lower reflections before reaching I53US. Like the second eigenray group, it arrives approximately 108 seconds later than the first group. The predicted arrival times for the second and third groups are very consistent with the observations of the second wavetrain (13:28:44 to 13:30:08 -observed, 13:29:44 to 13:29:57 -predicted) . Although all three families propagate in the stratospheric duct, the differing travel times result from the difference in the total number of reflections and thus total path lengths. The simultaneous arrival of the latter two groups is physically consistent with the observations. The measured amplitude of the second wavetrain is about twice that of the first. As noted above, stratospheric propagation of all three groups is consistent with the spectral content of the observed wavetrains.
Assumptions and Conclusions
In this report it is assumed that the bolide event source was the fragmentation of the meteor at the time and location as given by DOE/LANL. It is possible that more precise information on the time and location of the bolide event may be available at a later time. It is also assumed that the infrasound source is a blast waves from the meteor fragmentation at the end of its trajectory in the stratosphere, and not from infrasound radiated by the hypersonic mach cone along the meteor's deceleration trajectory.
From the comparison of the observed bolide signal parameters with the results of the preliminary range independent ray-trace calculations and the range dependent RAM-PE/ 2DC calculations we conclude that infrasonic signal from the bolide propagated to I53US in the stratospheric sound channel. This is consistent with the lack of any high trace-velocity wave components in the observed signal from either mesospheric or thermospheric return ray paths. The assumed fragmentation of the bolide anywhere between 25 and 40 km should have injected most of the explosive energy into the lower sound channel.
For the RAM-2DC code the best results in terms of agreement with the observed arrival/ travel times were obtained by assuming a source altitude of 39.5 km. This altitude on par with the source altitude recently estimated from seismic observations in documented by Arrowsmith et al. (2007) for the Washington State Bolide. This is somewhat in disagreement with the 20 to 30 km source altitude estimates put forth in Edwards et al. (2006) . Additional research is needed to understand the reasons for these results.
